The validity of a speed-profile model for design consistency evaluation was tested, including (a) the speed reduction estimation ability of the model and (b) assumptions about deceleration and acceleration characteristics approaching and departing horizontal curves. Detailed speed data were collected at a sample of 10 horizontal tangent-curve sections on two-lane rural highways in Texas. The results indicate that the model provides a reasonable, albeit simplified, representation of speed profiles on horizontal alignments consisting of long tangents and isolated curves. The model provides reasonable estimates of speed reductions from long approach tangents to curves but does not account for the effect of nearby intersections on speeds. The results also indicate that the assumed 0.85 m/sec 2 value is reasonable for deceleration rates approaching curves that require speed reductions but may overestimate acceleration rates departing curves. The model's assumptions that deceleration occurs entirely on the approach tangent and that speeds are constant throughout a curve were not confirmed by observed speed behavior. The observations that deceleration continues after entering a curve and that speed adjustments occur throughout a curve are indicators of the difficulty drivers experience in judging appropriate speeds through curves.
Accident rates on horizontal curves are higher than accident rates on tangent sections of rural two-lane highways, and accident experience on horizontal curves is explained by the magnitude of reductions in 85th percentile speeds from an approach tangent to a curve. In the 1930s, the design-speed concept was adopted as a fundamental principle of rural alignment design in the United States to avoid these speed reductions and their safety consequences. Krammes et al. (1) demonstrated, however, that weaknesses in the design-speed concept as applied in the United States make it ineffective at identifying and addressing operating-speed inconsistencies, that horizontal curves whose design speed is less than drivers' desired speed exhibit operating-speed inconsistencies, and that these inconsistencies increase accident potential.
Several countries (including Australia, Germany, and Switzerland) have incorporated speed-profile evaluations into rural alignment design procedures to address operating-speed inconsistencies. Researchers including the Leisches (2), Lamm and Choueiri (3) , and Choueiri and Lamm (4) have advocated incorporating such evaluations into U.S. design policy. As a step in this direction, the Federal Highway Administration (FHWA) has incorporated a design consistency module in its Interactive Highway Safety Design Model (5). Krammes et al. (1) developed a preliminary speed-profile model to serve as the basis for this module; they adopted the model form developed by the Swiss and defined mathematically by Lamm and Choueiri (3) and calibrated the model for U.S. use. This paper documents a preliminary validation of the speedprofile model.
BACKGROUND
Speed-profile models for consistency evaluation estimate 85th percentile speeds along the horizontal alignment of a two-lane rural highway. They help identify undesirably large reductions in 85th percentile speeds between successive geometric elements (i.e., from a tangent to a curve).
The model in question is simple in form: Drivers have a desired speed that they seek to maintain, but they reduce their speed, if necessary, for safety and comfort on horizontal curves. The model assumes that all acceleration and deceleration occur on the approach and departure tangents of a curve and, therefore, that speeds are constant through a curve.
Three elements of the model require calibration:
• The 85th percentile speed on a horizontal curve with given geometry parameters, • The 85th percentile (desired) speed on long tangents, and • Deceleration and acceleration rates entering and departing curves.
Krammes et al. (1) collected data at 138 horizontal curves and 78 of their approach tangents in five states to calibrate the first two elements. Due to budget limitations, data were not collected to calibrate the third element (i.e., deceleration and acceleration rates). Instead, the deceleration and acceleration rates (a = d = 0.85 m/sec 2 ) previously reported by Lamm and Choueiri (3) were adopted without validation.
The roadways studied had inferred design speeds of 100 km/hr or less. The inferred design speed of the roadway was the minimum design speed of any horizontal curve along the roadway. Since design speeds were not reported on the plans for the roadways, the design speed of curves was inferred from the basic superelevation equation given the radii specified on as-built plans, superelevation rates measured in the field, and AASHTO maximum side-friction factors.
A multiple linear regression equation (R The desired speed on long tangents (97.9 km/hr) was estimated as the mean of the 85th percentile speeds on the 78 approach tangents in the data base. Attempts to model desired speed as a function of terrain type, cross-section width, and the general character of the alignment were unsuccessful.
Deceleration and acceleration rates came from Choueiri and Lamm (4), who collected detailed speed data in New York State using a carfollowing technique. They estimated that average acceleration and deceleration rates were equal at a rate of 0.85 m/sec 2 . This estimate was based on a sample size of approximately 20 passenger cars on each of six curves that had posted advisory speed plates ranging from 48.3 to 64.4 km/hr. Their estimated value is comparable with the value of 0.8 m/sec 2 , which is used in Swiss design procedures. For calculating the speed profile on tangents, the model is divided into three cases, as illustrated in Figure 1 . The geometry of the curves and the intervening tangent length determine the shape of the speed profile on the tangent. The three model cases are defined on the basis of whether the tangent is sufficiently long for drivers to reach their desired speed. The critical tangent length is the distance required to accelerate from a curve to the desired speed and then decelerate to the next curve. Given this, the three cases can be described as follows:
• Case 1: tangent length less than critical tangent length, • Case 2: tangent length equal to critical tangent length, and • Case 3: tangent length greater than critical tangent length.
Because acceleration and deceleration characteristics are a fundamental element of the speed-profile model and the model assumptions were adopted from the literature without validation, the study focused on testing these assumptions. Recognizing that any validation effort would require collection of detailed speed data at a sample of horizontal curves, a review of previous similar efforts was conducted (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The review revealed that previous research has not collected data sufficiently detailed to establish conclusively deceleration and acceleration characteristics approaching and departing curves. Therefore, a limited but detailed speed data collection effort was undertaken.
METHODOLOGY
Detailed speed data at a sample of horizontal curves and tangents on two-lane rural highways were collected to test the speed reduction estimation ability of the speed-profile model and the assumptions regarding acceleration and deceleration rates and points where acceleration and deceleration begin and end. 
Data Base
Acceleration and deceleration rates may be influenced by the same variables that influence 85th percentile speeds on curves (i.e., degree of curvature and length of curve). Therefore, an experimental design was developed that included three levels of degree of curvature (low = 4 to 5 degrees, medium = 7 to 8 degrees, and high = 10 to 11 degrees) and three levels of length of curve (90 to 150 m, 150 to 210 m, and 210 to 270 m). Aside from these specifications, the site selection controls and criteria were the same as those used by Krammes et al. (1) for calibration of the model.
The data base included speed and geometry data for a sample of 10 horizontal curves and tangents on two-lane rural highways in Texas. All study locations were in level terrain, with grades flatter than the 5 percent maximum specified in the site selection criteria. The geometry data included the two primary independent variables of interest (degree of curvature and length of curve) and other pertinent geometric and identifying information that was obtained from both roadway plans and field measurements. Table 1 summarizes the geometry data for the 10 study sites.
Several techniques are available for collecting detailed speed data on curve-tangent sections. Most methods use speed "traps" to collect the data at regular intervals. The method selected for this study was a series of seven infrared photoelectric sensors. The sensors were placed along one approach/departure tangent and half of the horizontal curve as shown in Figure 2 . Directional speed data were collected such that deceleration characteristics could be analyzed on the approach tangent and entry half of the curve, and acceleration characteristics on the exit half of the curve and departure tangent. Speed, direction of travel, vehicle length, and a time stamp were recorded by a microprocessor for each sensor location. Vehicle length and the time stamp were used during data reduction to eliminate non-free-flow vehicles (using a 5-sec minimum headway) and nonpassenger vehicles from the data base. Since the variable of interest for estimating speed reduction is 85th percentile speed, the raw speed data were reduced to fourteen 85th percentile speeds for each study site (one for each of the seven sensor locations and two directions of travel). Table 1 includes columns for sample sizes before and after data reduction.
Analysis Method
To calculate the observed speed reduction from tangent to curve, the minimum 85th percentile speed on the curve was subtracted from the maximum 85th percentile speed on the tangent. To obtain the model-estimated speed reduction, the alignment of the sites was input, and the speed-profile model was run. This procedure was repeated for each of the 10 sites.
In an effort to understand driver behavior at the sites, observed 85th percentile speed profiles for both approaching and departing vehicles were plotted for each site. Superimposed on each graph is a profile of estimated 85th percentile speeds from the speed-profile model. These speed profiles were used to examine driver behavior entering and departing a curve and for qualitatively examining model assumptions.
The speed-profile plots were examined to estimate intervals over which average implied acceleration and deceleration rates could be calculated for comparison. The examination yielded different intervals for acceleration and deceleration. The interval for calculating deceleration rates begins on the tangent 60 m upstream from the point of curvature and ends at the quarter point of the curve. The interval used to calculate acceleration rates begins at the point of curvature and ends on the tangent 120 m downstream from the point of curvature. Although the locations where acceleration and deceleration begins and ends varies among vehicles at a site and among sites, these intervals appeared to be reasonable for the sample of sites as a whole. Implied acceleration and deceleration rates were computed on the basis of the 85th percentile speeds at the endpoints of these intervals and the length of the intervals. The precision with which acceleration and deceleration could be defined was limited by the spacing of the speed sensors.
A series of hypothesis tests were conducted to compare the following:
• Observed and estimated operating-speed reductions, • Observed acceleration and deceleration rates, and • Observed rates and assumed rates.
The null hypothesis for each test was that the means of the two samples were not significantly different, and the alternative hypothesis was that the means were different. All tests were performed at a 0.05 significance level.
RESULTS

Speed Reduction
The first step in testing the speed reduction estimation ability of the current model was to calculate observed and estimated values for comparison. Table 2 gives the observed and model-estimated reduction in 85th percentile speed and the difference between them. Figure  3 is a histogram that illustrates the values reported in Table 2 . Figure 3 shows that the model provides reasonable estimates of speed reduction for seven of the 10 sites. For Sites 1, 4 and 5, intersections located downstream of the section appear to influence the observed speed reduction. This result is not surprising given that intersections affect operating speed but are not considered by the model.
To quantify the results presented in Figure 3 , t-tests were performed to determine whether the mean difference in observed and estimated speed reduction for the sample of sites was different from zero. Five tests were performed: Test 1, the entire sample of 10 curves; Tests 2 through 4, each of the three degree of curvature categories; and Test 5, the seven sites without intersections. Table 3 summarizes the t-test results.
For the sample of 10 curves, the null hypothesis was rejected. The mean difference between observed and estimated speed reductions is significantly different from zero at a significance level of 0.05. For the four subsets of sites, the null hypothesis that the observed and estimated speed reductions are equal was not rejected at a significance level of 0.05. These results suggest that the speedprofile model provides reasonable estimates of speed reduction except where intersections influence speeds.
85th Percentile Speed Profiles
Figures 4 through 6 are speed-profile plots for the three degree of curvature categories. Each point along the observed profiles represents the 85th percentile speed of vehicles at that point. The hori- zontal axis represents distance from the point of curvature or point of tangency for approaching or departing vehicles, respectively, with negative values representing locations within the curve limits. The "calculated" profile in each of the plots is the estimated profile using the speed-profile model. Figure 4 , the low degree of curvature category, suggests that the speed-profile model estimates observed 85th percentile profiles reasonably well. Two deviations from this observation can be explained. First, for Site 1, speeds drop significantly at the midpoint of the curve. This drop may be explained by the intersection located a short distance downstream. Second, for Site 3, although the shape of the model-estimated profile follows the observed profiles reasonably well, the model consistently underestimates observed speeds. This may be explained by the facts that Site 3 is on a high-type roadway with 4-ft paved shoulders, and the curve has an inferred design speed of 110 km/hr. The model was calibrated on roadways with design speeds of 100 km/hr or less, and this observation suggests that the estimated desired speed on tangents may not be appropriate for roadways with higher design speeds. Figure 5 indicates that the model provides a reasonable estimate of the actual operating-speed profile on the three curves in the middle degree of curvature category. Figure 5 indicates that breakpoints for approach speeds on tangents may fall near the first sensor on the tangent and the quarter point of the curve. Similar breakpoints for departing vehicles appear at the point of curvature and a point on the tangent approximately 120 m downstream.
The observed speed profiles in Figure 5 do not support the assumption of constant speed within the curve limits. Observed operating speeds oscillate within the limits of the curves, indicating that drivers adjust their speed throughout the limits of the curve. On the other hand, Figure 5 supports the model assumption that drivers reach and maintain a desired speed on tangents.
For the sites with high degrees of curvature in Figure 6 , the model provides reasonable estimates of the observed speed profiles, and the magnitude of observed and estimated speeds match reasonably well. The breakpoints in speed for approaching and departing vehicles occur at about the same locations as observed in Figure 5 . Figure 6 also indicates that drivers do not operate at a constant speed throughout a curve.
On the whole, although the model-estimated profiles do not exactly replicate the details of the observed profiles in Figures 4 through 6, they match reasonably well. Several of the model assumptions, however, appear to be oversimplifications of actual driver speed behavior. In particular, the observed speed profiles indicate that deceleration and acceleration occur within curves and that speeds are not constant throughout a curve. Deceleration and acceleration may occur within curves because of drivers' difficulty in judging the appropriate speed approaching a curve and the resulting need to adjust speeds in response to the lateral accelerations experienced within the curve.
The observations made regarding the speed profiles should be qualified by the simple nature of the speed-profile model. The model is not intended to model microadjustments in speed but is intended to estimate operating speeds on curves and tangents for design consistency evaluations. The model-estimated speed profiles appear to be reasonable simplifications of the actual 85th percentile speed profiles at most of the sites.
Acceleration and Deceleration Rates
To test model assumptions about acceleration and deceleration rates, observed rates were calculated using the intervals described previously and the observed 85th percentile speeds at the endpoints of the intervals. The calculated rates are reported in Table 4 . These rates are illustrated in the histogram in Figure 7 .
The current model assumes a rate of 0.85 m/sec 2 for both acceleration and deceleration. The observed average acceleration rate for vehicles departing a curve are consistently lower than 0.85 m/sec 2 . Furthermore, for the sharper curves, acceleration rates are consistently lower than deceleration rates.
Hypothesis tests were performed to determine whether the mean calculated acceleration and deceleration rates were: (a) different from each other and (b) different from the current rate of 0.85 m/sec 2 . There was some question about whether the acceleration and deceleration data were independent. Therefore, two hypothesis testing methods were used: the Smith-Satterthwaite two-sample t-test assuming unequal variances and a paired t-test. Both methods yielded the same conclusion. To test whether the mean acceleration and deceleration rates were different from 0.85 m/sec 2 , single-sample t-tests were performed. The results of these tests, summarized in the mean deceleration rate was not significantly different from 0.85 m/sec 2 at a significance level of 0.05. However, the observed mean acceleration rate was significantly different from the assumed rate at a significance level of 0.05, with the observed rates lower than the assumed rate.
These results suggest that the deceleration behavior is modeled better than acceleration behavior. Given the nature of curve-related accidents, accurate deceleration rates are more important in the model than acceleration rates. That is, deceleration to a curve is more safety-critical than acceleration from the same curve. In summary, the statistical analysis results indicate that there is not sufficient evidence to reject the veracity of the currently assumed acceleration and deceleration rates. However, the disparity between observed and assumed rates suggests that with additional data it may be possible to improve the accuracy of the assumed acceleration and deceleration characteristics in the model.
CONCLUSIONS AND RECOMMENDATIONS
Overall, the results suggest that the speed-profile model provides a reasonable, albeit simplified, representation of driver speed behavior traversing horizontal curves with long approach tangents on two-lane rural highways with design speeds of 100 km/hr or less. Although some of the assumptions (i.e., that speeds are constant throughout a curve and deceleration and acceleration occur only on the approach/departure tangents) are oversimplifications of actual driver behavior, the model provides reasonable estimates of speed reductions from long tangents to horizontal curves. Model-estimated speed reductions may not be reasonable, however, for curves with design speeds greater than 100 km/hr or where nearby intersections affect speed profiles.
The results support the use of the current estimate for desired speed on long tangents for roadways with design speeds less than or equal to 100 km/hr, but the estimate may not be appropriate for roadways with design speeds greater than 100 km/hr.
Finally, the acceleration and deceleration rate test results were not consistent. Since deceleration behavior is most critical and the observed deceleration rates are not significantly different from the currently assumed 0.85 m/sec 2 , this assumption may be accepted until additional validation data can be collected. However, the assumed value may overestimate acceleration rates departing curves.
The detailed speed data provide interesting insights into driver speed behavior approaching, through, and departing curves. The speed adjustments observed within curves are indicators of the difficulties drivers experience in judging appropriate speeds on curves. Additional research is recommended to estimate acceleration and deceleration characteristics more accurately, to examine speed adjustment on curves, to examine the causes for those adjustments (i.e., visual, physical, mechanical, etc.) and to analyze other factors (e.g., superelevation, lateral obstructions, grade, weather) that explain variability in rates among curves. A larger-scale validation study is recommended to test the range of applicability of the speed-profile model.
